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Abstract

N-doped porous carbon nanosheets have garnered research attention
owing to their effective structure for fast ion diffusion and
pseudocapacitive properties in supercapacitors. Herein, a facile method
to incorporate nitrogen into interconnected porous carbon nanosheets
with relatively high doping efficiency is proposed by inducing melamine
condensation through appropriate dwell time. The as-prepared N-doped
porous carbon material was studied as an electrode for the
electrochemical double-layer capacitor. The carbon material delivered a
specific capacitance of 350 F g! at a current density of 1 A g’ in a three-
electrode system. Furthermore, a symmetric supercapacitor device was
fabricated using the N-doped interconnected carbon nanosheets with
redox additives in aqueous electrolyte. Based on the redox reaction of
the electrodes and electrolytes, the specific capacitance was measured
468 F g'! at a current density of 1 A g and 233 F g! at a relatively high
current density of 20 A g'!'. This research provided an efficient method
for nitrogen-doping into interconnected porous carbon nanosheets using

melamine and showed potential of carbon electrode material for high-



performance supercapacitor applications with redox additives in aqueous

electrolyte.
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1. Introduction

1.1. Supercapacitors

Supercapacitors are receiving considerable attention as next-
generation energy-storage devices because of their high power
characteristics and long lifespan [1, 2]. There are two Kkinds of
supercapacitors based on the charge storage mechanism: electrochemical
double-layer capacitors (EDLCs) and pseudo-capacitors [3, 4]. The
EDLCs store the charge through adsorption/desorption of electrolyte
ions to the electrode surface, while in pseudo-capacitors, the charge is
stored by a reversible faradic reaction. Carbonaceous materials have
been mainly used as electrode materials in EDLCs owing to their high
specific surface area, good electrical conductivity, and chemical stability

[5-9].

1.2. Porous carbon nanosheets

One of the key factors for achieving high capacitive performance of
carbonaceous material is creating effective structure with a high surface
area and a short ionic diffusion path [10]. Porous carbon nanosheets have
received considerable attention due to their two-dimensional sheets with

a thin thickness which entails short ion transport distance. Thus far,
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researchers have reported porous carbon nanosheets with various types
of architectures and their capacitive performance as electrode materials
in EDLCs [11-14]. However, the low energy density of carbon-based
EDLCs is still a challenge for high-performance supercapacitor
applications due to their electrostatic adsorption/desorption mechanism

of electrolyte ions.

1.3. Nitrogen doping

Nitrogen-doping is an attractive technique for increasing capacitance
of carbonaceous materials because it enables additional charge storage
through a surface faradic reaction without impairing the advantages of
carbonaceous materials, such as their rate capability and long life cycle
stability [15-18]. Nitrogen-doping into carbonaceous materials can be
divided into two strategies: in-situ synthesis and post-heat-treatment [17,
19]. The in-situ synthesis usually includes carbonization of nitrogen-
containing precursors such as polymer [20], biomass [21, 22], metal-
organic frameworks [23]. But this strategy is limited to obtain the desired
carbon structure andbg would be required to use templates that are not
suitable for large-scale production. In the post-heat-treatment, various

carbon materials are treated with nitrogen-containing sources by diverse
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methods including thermal annealing, plasma, arc-discharge approach,
etc [24-27]. For example, M. Rybin and co-workers reported the
fabrication of N-doped graphene through the ammonia plasma treatment
for graphene obtained by CVD [24]. More recently, R. Liu and co-
workers synthesized N, O-doped porous carbon nanosheets by an
electrostatic  self-assembly process wusing graphene oxide and
polyacrylamide followed by KOH activation [25]. However, most of
them required complex synthetic procedures, which could be the
limitations for further developments. Therefore, a facile and effective
post-heat-treatment method is needed for the development of obtaining

N-doped porous carbon nanosheets.

1.4. Redox addictive in aqueous electrolyte

Recently, there have been many reports on redox additive electrolytes
to enhance supercapacitor performance, in which adding an active agent
to the electrolyte led to a redox reaction [28-31]. Especially, an indole-
based macromolecule with a low HOMO-LOMO gap (HLG) has been
employed in supercapacitors as additive in electrolyte owing to their

extended conjugated structure, which allowed fast charge transfer [29].
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1.5. Objectives

Herein, N-doped porous carbon nanosheets were prepared using post-
heat-treatment with melamine which is inexpensive and has relatively
high nitrogen contents by mass. Condensation of melamine was induced
by heat treatment with dwell time at certain temperatures which can
improve the doping contents of nitrogen. As a result, the nitrogen ratio
was improved around two time comparing with that without the dwell
time during the heat treatment. In the three-electrode electrochemical test,
the synthesized N-doped interconnected carbon nanosheets (NPCN)
electrode delivered 350 F g at a current density of 1 A g, which is
higher than that of pristine interconnected carbon nanosheets (PCN)
electrode (279 F g at a current density of 1 A g). The indole based
macromolecule containing electrolyte was also employed to as-
synthesized NPCN electrodes based symmetric supercapacitor to
improve electrochemical performance. The as-fabricated electrode
delivered a specific capacitance of 468 F g* at a current density of 1 A
g’ and retain a capacitance of 233 F g* at a relatively high current

density of 20 A g*.
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2. Experimental Section

2.1 Preparation of PCN

Potassium citrate powder was placed on a tube furnace and heated up
to 850 °C under Ar with a heating rate of 3 °C/min and maintained for 1
h. After heat-treatment, the resulting product was washed with 1.0 M HCI.
Washed product was dried in a vacuum oven for 12 h. Finally,

interconnected porous carbon nanosheets was obtained

2.2 Preparation of N-doped PCN

PCN (50 mg) and melamine (50 mg, 200 mg) were mixed with
toluene. NPCN was obtained via multistep with 300 °C for 1 h, 550 °C
for 1 h, and 700 °C for 1 h. As a reference sample, heat treatment was
conducted without the multistep at a heating rate of 5 °C/min. Finally,
the products were collected after washing with water and ethanol three
time. NPCN-11 for PCN to melamine ratio of 1:1, and NPCN-14 for
PCN to melamine ratio of 1:4, respectively. The synthesized carbons
with the multi-steps were named as NPCN-11D, and NPCN-14D,

respectively.
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2.3. Material characterization

The obtained samples were analyzed via scanning electron
microscopy (SEM, S-4800 Hitachi) and transmission electron
microscopy (TEM, JEM-2010 JEOL). Fourier-transform infrared
spectroscopy (FT-IR) was performed with Nicolet iS50 (Thermo Fisher
Scientific). Gas adsorption/desorption analysis was carried out using the
BELSORP-max instrument under nitrogen gas. The specific surface area
(SSA) and total pore volume were calculated based on the Brunauer-
Emmett-Teller theory and the pore distribution was evaluated based on
the non-local density functional theory. Raman spectroscopy was carried
out on a Raman spectrometer (DXR2xi). X-ray photoelectron
spectroscopy (XPS) and elemental analysis (EA) were carried out by
Thermo Escalab 250 Xi system (Thermo Scientific) and Flash 2000
analyzer, respectively. The Dynamic Light Scattering (DLS)

data obtained by using a Zetasizer Nano ZS.
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2.4. Electrochemical characterizations

The electrochemical performances of the prepared samples were
evaluated via cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD) tests, and electrochemical impedance spectroscopy (EIS). The
electrochemical performance was measured using a three-electrode
configuration and a symmetric two-electrode configuration. For the
three-electrode configuration, 5 pg of active material was loaded on
glassy carbon with a diameter of 3 mm to be used as working electrodes.
Platinum mesh and Hg/HgO were used as the counter and reference
electrodes, respectively. All the tests were performed in 6 M KOH. For
the symmetric two-electrode configuration, a slurry containing 80 wt%
of NPCN, 5 wt% of polyvinylidene fluoride, and 15 wt% of Super-P
carbon was coated on the titanium foil to be used as the working
electrode. The mass loading of active material was around 1 mg/cm?. A
glassy fibrous membrane was used as a separator. Additionally, the
indole based macromolecule containing electrolyte was obtained through
electrochemical polymerization of dopamine solution followed by
reference [29]. 0.5 M sulfuric acid with 0.025 M dopamine
hydrochloride was transformed into a brown color solution through CV

tests at a scan rate of 1000 mV using carbon cloths as cathode and anode.
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The specific capacitances of the samples in the three-electrode (Cepree
F g) and two symmetric electrode systems (Cuo, F g1 were

calculated using the respective equations:

_IAt
three — mAV

L 2
two ™ mAV

where | is the galvanostatic discharge current, At is the discharging time,
m is the mass of the active materials on the single electrode, and AV is
the voltage window.

The energy density was calculated using the following equation:

_ CsymmetricAV2
Esymmetric - 2% 3.6

where Csymmetric 1S the specific capacitance of the two symmetric
electrode systems. The power density was calculated using the following

equation:

_ Esymmetric
Psymmetric - At

where At is the galvanostatic discharging time.
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3. Results and Discussion

3.1 Material analysis

The synthesis process of NPCN is shown in Figure 1a. The PCN
which was obtained by the pyrolysis of potassium citrate at 850 °C was
uniformly mixed with melamine. The obtained mixture was heated under
Ar atmosphere up to 700 °C for nitrogen doping. Melamine is known to
undergo rapid sublimation after 220 °C and this may cause a decrease in
efficiency of nitrogen doping to PCN [32]. In order to minimize its
sublimation, condensation of melamine is induced during heat treatment
of the mixture through the appropriate dwell time near the temperature
at which the melamine condensation occurs (Figure 1b,¢) [33-36]. The
mixture has passed by 1h at 300 °C, and 550 °C, respectively for the

sequential condensation.

o ALY



NH,

(a) NTSN
I ~Z
HN7 N ONH,
o OH O Melamine
KQGO/u\j/:/u\O@@K —_— —t
o7 %K Carbonization A
Potassium Citrate Interconneted Porous Carbon
Nanosheets (PCN)
(b) (c)

700 NH;
5 PN
9 oo NH, NH; NH, N r:
£ R N N o
[

§ HZNANANHZ HQNANJ\ﬁ)\\N N, quk‘n)*n’kmh
£ 300
@
= 200 Melamine Melam Melem
100
50 100 150 200 250 300

Time (minute)

Figure 1. a) Synthesis process of NPCN. b) Heat treatment with the
dwell time for condensation of melamine. ¢) Condensation process from

melamine to melem.
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To compare the extent of melamine condensation with respect to the
implementation of dwell time during heat treatment, the samples were
prepared via the two types of heat treatment (up to 580 °C) and denoted
as NPCN-14D@580 for heat-treated with dwell time, and NPCN-
14@580 for heat-treated without dwell time, respectively. The dwell
effects in melamine were investigated by FT-IR in Figure 2. In the
wavelength range of the N-H bond stretching at ~3100 cm™!, the
spectrum of NPCN-14D@580 exhibited a weaker peak than that of
NPCN-14@580 [37]. Given that condensation of melamine releases
ammonia gas, the reduced peak of NPCN-14D@580 may be attributed
to a relatively condensed bonding structure. The peak at ~2350 cm ™! for
C=N stretching mode which is found in melem that is more condensed
structure than melem or melamine appeared only in the spectrum of
NPCN-14D, which suggested NPCN-14D@580D has more condensed

than NPCN-14@580 [37, 38].
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23 i A 2



The FE-SEM images of the as-prepared carbons are shown in Figures
3. The morphologies of all melamine-treated PCN are almost the same
as those of bare PCN, which are composed of interconnected carbon
nanosheets with dimensions of several micrometers. Although statistical
analysis of the morphologies is required to evaluate the differences with
more accuracy, this SEM images demonstrate that the post-heat
treatment hardly changed the surface morphologies regardless of the

method or initial ratio of carbon to melamine.
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Figure 3. SEM images of the prepared samples of a, b) PCN, c, d)
NPCN-11D, e, f) NPCN-14D g, h) NPCN-14 with low and relatively

high-magnification.

s gAgYsE

SECRIL WATCeAL |INNVERSTY



TEM image of NPCN-14D in Figure 4a shows that the carbon
nanosheet had randomly distributed micropores, which is consistent with
previously published results [12]. The elemental distribution throughout
the nanosheet-interconnected architecture of NPCN-14D was examined
using X-ray elemental mapping, which indicated that C, O, and N were

uniformly distributed on the surface of the carbon in Figure 4b.
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Figure 4. a) HR-TEM image and b) EDS mapping of NPCN-14D.
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Nitrogen adsorption isotherms were conducted to further investigate
the structural changes after nitrogen doping. As shown in Figure Sa, the
nitrogen adsorption isotherms of NPCN-14D and PCN were typical type
1 isotherms, meaning that the structure was mainly composed of
micropores. NPCN-14D had a specific surface area (SSA) of 1041.4 m?
g ! and a total pore volume of 0.6321 cm® g !. The structural parameters
of NPCN-14D were slightly lower than those of PCN (SSA of 1247 m?
g !, a total pore volume of 7036 cm® g!), which could be explained by
the deposition of melamine condensate at the pore entrance during the
annealing process [39, 40]. The pore-size distribution demonstrated that
NPCN-14D had larger micropores than PCN (Figure Sb). This result
could be supported by the fact that melamine-assisted nitrogen-doping
could decrease micropores that were smaller than 5 A and increase the
larger micropore area [39]. Although the pore volume and SSA decreased
slightly, NPCN-14D retained an efficient pore structure, considering that
the micropore volume was still high and most of the reduced pore volume
resulted from a reduction in very small micropores that were not

accessible to electrolytes ions at high current density (Table 1).
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Table 1. Structural properties of PCN and NPCN-14D obtained from

nitrogen adsorption/desorption analysis.

Specific Mean Pore volume
Sample  surface  diameter [cm3-g?]
name area of pores
o ) Meso- and
[m*g™] [nm] Micropores Total
macropores
PCN 1247.3 2.2563 0.449 0.2546 0.7036
NPCN-
10414 2.4279 0.3662 0.2659 0.6321
14D
i 5
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Furthermore, Raman spectroscopy was performed to analyze the
morphological changes in more detail (Figure 6). In the Raman spectra,
all the samples presented two broad peaks at ~1350 cm ! and 1580 cm ™!,
which are typical of carbonaceous materials [41]. The peak at 1350 cm™!
(D-band) was related to structural defects, while the peak at 1580 cm™!
(G-band) was ascribed to the sp? carbon atoms arising from the in-plane
vibration in graphitic planes [42]. The ratio of intensities of the two peaks,
In/Ig, which indicates the degree of disorder, decreased in the order of
PCN (0.97), NPCN-14 (1.01), NPCN-11D (1.00), and NPCN-14D (1.04),
respectively. This result can be inferred that N-doping could cause
structural disorder to the carbon network, suggesting that the doped-

nitrogen ratio would be related to the In/Ig [27, 42].
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Figure 6. Raman spectra of NPCNs and PCN.
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Moreover, XPS was conducted to investigate the surface chemistry of
PCN and NPCN; the results are summarized in Figure 7 and Table 1.
The XPS survey spectrum revealed the presence of nitrogen in the
NPCNs. As shown in Table 1, the nitrogen content of NPCN-14D (3
wt%) was higher than that of NPCN-11D (1.5 wt%) due to differences
in the content of melamine in the initial mixture. Notably, the content of
nitrogen in NPCN-14D was higher than that of NPCN-14 (1.4 wt%) with
the same amount of melamine in the initial mixture, which can be
interpreted as the result of the heat treatment containing dwell time
increasing the efficiency of nitrogen doping. The nitrogen contents of
NPCN-14N obtained by XPS measurement are almost similar to that of
the EA measurement, indicating that NPCN-14N has an even nitrogen
distribution. The high-resolution N1s XPS spectrum of NPCN-14D
(Figure 7b) contained peaks at approximately 398 eV, 400 eV, 401.5 eV,
and 405 eV, which corresponded to pyridinic (N-6), pyrrolic (N-5),
quaternary (N-Q), and oxidized (N-X) forms, respectively [18]. Figure
7¢ shows the comparison of the nitrogen configurations of the samples.
NPCN-14D had more N-Q than NPCN-11D and NPCN-14. In a previous
study, researchers assumed that the higher contribution of N-Q on porous

carbons treated with melamine was due to the chemical formula of

33



melamine and its condensed resin [39]. Considering this interpretation,
this difference in the configuration of nitrogen may be related to the
difference in the extent of condensation before the decomposition of
melamine condensate in each sample. In the heat-treatment process for
NPCN-14D, melamine was more condensed before decomposition
owing to the dwell time compared to the process of NPCN-14. And that
would be more condensed than in the process of NPCN-11D because of
the higher amount of melamine in the initial mixture. The more
polymerized the melamine, the greater the proportion of N-Q it contains.
As a result, for NPCN-14D, melamine had more N-Q just before
decomposition, which resulted in differences in the ratio of nitrogen
configurations even after doping. The detailed mechanism of more N-Q
in nitrogen-doping sources just before decomposition needs to be further

investigated.
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Table 2. Chemical compositions of PCN and NPCNs obtained from

XPS and EA.

Sample code

Atomic (%0)

C N o H
PCN 95.3 0 4.7 -
NPCN-11D 94.5 15 4.0 -
NPCN-14D 92.3 3.0 4.7 -
NPCN-14 95.9 1.4 2.7 -
NPCN-14D(EA) 91.9 3.0 4.6 0.48
i



3.2. Electrochemical analysis

Electrochemical experiments were conducted to investigate the
capacitive performance of the NPCN in a three-electrode system. The
electrochemical performance of the samples synthesized with different
amounts of melamine in the initial mixture was evaluated, as shown in
Figure 8a and b. Figure 8a shows the CV curves of the samples at a scan
rate of 50 mV s~!. The area of the CV curve increased in the order of
NPCN-14D, NPCN-11D, and PCN, respectively. Given that the surface
area and pore volume of the NPCN samples were slightly lower than
those of PCN, the increased area of the CV curve could be attributed to
the faradic current derived from the nitrogen-containing functional
groups in the NPCN samples. This is supported by that NPCN-14D,
which had a higher nitrogen content, showed a wider CV area than
NPCN-11D. To compare the rate capability, the specific capacitances of
the samples at different current densities were calculated based on the
discharging time (Figure 8b). NPCN-14D has achieved the highest a
specific capacitance of 350 F g'! at a current density of 1 A g, which
were higher than that of NPCN-11D (323 F g') and PCN (279 F g).
NPCN-14D retained a capacitance of 260 F g ! at a high current density

of 10 A g'!, with a rate performance of 74 %, which was higher than
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those of NPCN-11D (212 F g!, 70 %) and PC (181 F g'!, 65 %). Figure
8c shows the CV curves of NPCN-14D within the voltage range from
—1.0 to 0 Vugneo at different scan rates within 10 — 1000 mV s™!. The
CV curve at a scan rate of 10 mV s exhibited a slightly deformed
rectangle with a hump at a lower potential, indicating the faradic current
that derived from N- and O-containing functional groups in NPCN-14D,
which is consistent with the XPS and EA results. The CV curves at higher
scan rates demonstrated a rectangular shape, which indicated that NPCN-
14D had a high rate capability. The GCD curves at various current
densities exhibited a similar trend to that of the CV curves (Figure 8d).
Even at high current densities, there was no IR drop, which is related to
internal resistance; this suggested that NPCN-14D had excellent

capacitive properties.
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Figure 8. Electrochemical performances of PNC and NPCNs in the
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current densities from 1 to 20 A g”! of NPCN-14D.
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To maximize the capacitive performance of NPCN-14D in practical
cell applications, a symmetric supercapacitor using NPCN-14D as
electrode material in a redox-mediated electrolyte was assembled. The
indole-based macromolecule containing 5,6-dihydroxyindole/5,6-
quinoneindole motifs for the redox additives in an aqueous electrolyte
(IME) was synthesized through CV scanning at the rate of 1000 mV s .
The color of the dopamine solution transformed from transparent into
brown after 24h. The change of the molecular size could be confirmed
by DLS measurement (Figure 9). The size of the molecules was
measured 100-250 nm after the electrochemical polymerization, which

consistent with the previously reported results [29].
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Figure 9. a) A color change of the dopamine solution resulting from the

electrochemical polymerization and b) DLS measurement of IME.
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The assembled symmetric supercapacitors were evaluated via several
electrochemical tests. Figure 10a shows the CV curve of the fabricated
cell at various scan rates ranging from 25 mV s~ to 1000 mV s with a
potential window of 0 — 1.2 V. The curves at a relatively low scan rate
displayed anodic and cathodic humps that were attributed to redox
reactions. Notably, the rectangular shape was retained even at the high
scan rate of 1000 mV s, which indicated that the cell had a good rate
performance. The GCD curves at different current densities had a
deformed triangular shape, which was related to the redox reaction and
corroborated the CV results (Figure 10b). Figure 10c shows the rate
performance of the fabricated cell in IME and 0.5M H2SOas. The
electrode exhibited a capacitance of 468 F g ! at a current density of 1 A
g !. This value was relatively high compared to that in 0.5M H2SO4 (266
F g!), which appears to be due to the redox reaction of the additive in
the electrolyte. Interestingly, the electrode retained a capacitance of 233
F g ! at a relatively high current density of 20 A g indicating that the
macromolecules in the electrolyte caused a redox reaction even at very
high current densities due to the small HLG. Figure 10d exhibits the
Nyquist plot obtained via EIS in the assembled cell. In the Nyquist plot,

the intersection between a high frequency line and Z' axis is related to
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electrolyte resistance and the size of the semicircle in the middle-
frequency area indicates the charge-transfer resistance of the cell. It can
be seen that both of the electrolyte resistance and the charge-transfer
resistance of the cell with IME is lower than these with 0.5 M H2SO4,
which could be explained by the low HLG of IME. The polymerization
of dopamine resulted in lower HLG of the molecules and the decreased
HLG facilitated the electron transfer to acceptor, which increased ionic

conductivity and allowed fast electron transfer within the molecules.
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To confirm the stability of the assembled cell, a cycle test was
conducted at a current density of 20 A g ! (Figure 11a). The assembled
cells maintained ~80 % of their initial capacity after 3,000 cycles,
indicating that the cells and redox electrolytes remained stable after
repeated reactions at relatively high current densities. Figure 11b shows
the energy-storage capacity and power performance of the cells in terms
of energy and power densities. The assembled cell was able to store the
energy density of 1087 mWh kg ! at a power density of 13.94 mW kg

and 371 Wh kg ™! at the high power density of 1395 W kg !
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4. Conclusions

In summary, N-doped interconnected porous carbon nanosheets
derived from potassium citrate was prepared using post-heat-treatment
with melamine. To induce melamine condensation during heat-treatment
in the synthesis of NPCN, dwell time was set at the temperature of the
condensation. The condensation of melamine was confirmed via FT-IR.
As aresult, the nitrogen-doping rate of the carbon synthesized with dwell
time was around two time compared with that of the carbon without
dwell time. The synthesized N-doped carbon showed an SSA of 1041.4
m? g ! and a total pore volume of 0.63 cm® g! while maintaining the
interconnected nanosheets structure. The NPCN-14D showed a specific
capacitance of 350 F g ! at a current density of 1 A g! in the three-
electrode system. Moreover, the NPCN-14D was used as a symmetric
supercapacitor paired with an indole-based macromolecule electrolyte,
and it showed a specific capacitance of 468 F g'! at a current density of
1 A ¢! and retain a specific capacitance of 233 F g'! at a relatively high

current density of 20 A g
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Abstract

N-doped porous carbon nanosheets have garnered research attention
owing to their effective structure for fast ion diffusion and
pseudocapacitive properties in supercapacitors. Herein, a facile method
to incorporate nitrogen into interconnected porous carbon nanosheets
with relatively high doping efficiency is proposed by inducing melamine
condensation through appropriate dwell time. The as-prepared N-doped
porous carbon material was studied as an electrode for the
electrochemical double-layer capacitor. The carbon material delivered a
specific capacitance of 350 F g! at a current density of 1 A g’ in a three-
electrode system. Furthermore, a symmetric supercapacitor device was
fabricated using the N-doped interconnected carbon nanosheets with
redox additives in aqueous electrolyte. Based on the redox reaction of
the electrodes and electrolytes, the specific capacitance was measured
468 F g'! at a current density of 1 A g and 233 F g! at a relatively high
current density of 20 A g'!'. This research provided an efficient method
for nitrogen-doping into interconnected porous carbon nanosheets using

melamine and showed potential of carbon electrode material for high-



performance supercapacitor applications with redox additives in aqueous

electrolyte.

Keywords: Porous carbon nanosheets, Supercapacitors, N-doping,

Redox additive electrolytes
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1. Introduction

1.1. Supercapacitors

Supercapacitors are receiving considerable attention as next-
generation energy-storage devices because of their high power
characteristics and long lifespan [1, 2]. There are two Kkinds of
supercapacitors based on the charge storage mechanism: electrochemical
double-layer capacitors (EDLCs) and pseudo-capacitors [3, 4]. The
EDLCs store the charge through adsorption/desorption of electrolyte
ions to the electrode surface, while in pseudo-capacitors, the charge is
stored by a reversible faradic reaction. Carbonaceous materials have
been mainly used as electrode materials in EDLCs owing to their high
specific surface area, good electrical conductivity, and chemical stability

[5-9].

1.2. Porous carbon nanosheets

One of the key factors for achieving high capacitive performance of
carbonaceous material is creating effective structure with a high surface
area and a short ionic diffusion path [10]. Porous carbon nanosheets have
received considerable attention due to their two-dimensional sheets with

a thin thickness which entails short ion transport distance. Thus far,

]

12



researchers have reported porous carbon nanosheets with various types
of architectures and their capacitive performance as electrode materials
in EDLCs [11-14]. However, the low energy density of carbon-based
EDLCs is still a challenge for high-performance supercapacitor
applications due to their electrostatic adsorption/desorption mechanism

of electrolyte ions.

1.3. Nitrogen doping

Nitrogen-doping is an attractive technique for increasing capacitance
of carbonaceous materials because it enables additional charge storage
through a surface faradic reaction without impairing the advantages of
carbonaceous materials, such as their rate capability and long life cycle
stability [15-18]. Nitrogen-doping into carbonaceous materials can be
divided into two strategies: in-situ synthesis and post-heat-treatment [17,
19]. The in-situ synthesis usually includes carbonization of nitrogen-
containing precursors such as polymer [20], biomass [21, 22], metal-
organic frameworks [23]. But this strategy is limited to obtain the desired
carbon structure andbg would be required to use templates that are not
suitable for large-scale production. In the post-heat-treatment, various

carbon materials are treated with nitrogen-containing sources by diverse

]
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methods including thermal annealing, plasma, arc-discharge approach,
etc [24-27]. For example, M. Rybin and co-workers reported the
fabrication of N-doped graphene through the ammonia plasma treatment
for graphene obtained by CVD [24]. More recently, R. Liu and co-
workers synthesized N, O-doped porous carbon nanosheets by an
electrostatic  self-assembly process wusing graphene oxide and
polyacrylamide followed by KOH activation [25]. However, most of
them required complex synthetic procedures, which could be the
limitations for further developments. Therefore, a facile and effective
post-heat-treatment method is needed for the development of obtaining

N-doped porous carbon nanosheets.

1.4. Redox addictive in aqueous electrolyte

Recently, there have been many reports on redox additive electrolytes
to enhance supercapacitor performance, in which adding an active agent
to the electrolyte led to a redox reaction [28-31]. Especially, an indole-
based macromolecule with a low HOMO-LOMO gap (HLG) has been
employed in supercapacitors as additive in electrolyte owing to their

extended conjugated structure, which allowed fast charge transfer [29].
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1.5. Objectives

Herein, N-doped porous carbon nanosheets were prepared using post-
heat-treatment with melamine which is inexpensive and has relatively
high nitrogen contents by mass. Condensation of melamine was induced
by heat treatment with dwell time at certain temperatures which can
improve the doping contents of nitrogen. As a result, the nitrogen ratio
was improved around two time comparing with that without the dwell
time during the heat treatment. In the three-electrode electrochemical test,
the synthesized N-doped interconnected carbon nanosheets (NPCN)
electrode delivered 350 F g at a current density of 1 A g, which is
higher than that of pristine interconnected carbon nanosheets (PCN)
electrode (279 F g at a current density of 1 A g). The indole based
macromolecule containing electrolyte was also employed to as-
synthesized NPCN electrodes based symmetric supercapacitor to
improve electrochemical performance. The as-fabricated electrode
delivered a specific capacitance of 468 F g* at a current density of 1 A
g’ and retain a capacitance of 233 F g* at a relatively high current

density of 20 A g*.

15



2. Experimental Section

2.1 Preparation of PCN

Potassium citrate powder was placed on a tube furnace and heated up
to 850 °C under Ar with a heating rate of 3 °C/min and maintained for 1
h. After heat-treatment, the resulting product was washed with 1.0 M HCI.
Washed product was dried in a vacuum oven for 12 h. Finally,

interconnected porous carbon nanosheets was obtained

2.2 Preparation of N-doped PCN

PCN (50 mg) and melamine (50 mg, 200 mg) were mixed with
toluene. NPCN was obtained via multistep with 300 °C for 1 h, 550 °C
for 1 h, and 700 °C for 1 h. As a reference sample, heat treatment was
conducted without the multistep at a heating rate of 5 °C/min. Finally,
the products were collected after washing with water and ethanol three
time. NPCN-11 for PCN to melamine ratio of 1:1, and NPCN-14 for
PCN to melamine ratio of 1:4, respectively. The synthesized carbons
with the multi-steps were named as NPCN-11D, and NPCN-14D,

respectively.

16



2.3. Material characterization

The obtained samples were analyzed via scanning electron
microscopy (SEM, S-4800 Hitachi) and transmission electron
microscopy (TEM, JEM-2010 JEOL). Fourier-transform infrared
spectroscopy (FT-IR) was performed with Nicolet iS50 (Thermo Fisher
Scientific). Gas adsorption/desorption analysis was carried out using the
BELSORP-max instrument under nitrogen gas. The specific surface area
(SSA) and total pore volume were calculated based on the Brunauer-
Emmett-Teller theory and the pore distribution was evaluated based on
the non-local density functional theory. Raman spectroscopy was carried
out on a Raman spectrometer (DXR2xi). X-ray photoelectron
spectroscopy (XPS) and elemental analysis (EA) were carried out by
Thermo Escalab 250 Xi system (Thermo Scientific) and Flash 2000
analyzer, respectively. The Dynamic Light Scattering (DLS)

data obtained by using a Zetasizer Nano ZS.
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2.4. Electrochemical characterizations

The electrochemical performances of the prepared samples were
evaluated via cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD) tests, and electrochemical impedance spectroscopy (EIS). The
electrochemical performance was measured using a three-electrode
configuration and a symmetric two-electrode configuration. For the
three-electrode configuration, 5 pg of active material was loaded on
glassy carbon with a diameter of 3 mm to be used as working electrodes.
Platinum mesh and Hg/HgO were used as the counter and reference
electrodes, respectively. All the tests were performed in 6 M KOH. For
the symmetric two-electrode configuration, a slurry containing 80 wt%
of NPCN, 5 wt% of polyvinylidene fluoride, and 15 wt% of Super-P
carbon was coated on the titanium foil to be used as the working
electrode. The mass loading of active material was around 1 mg/cm?. A
glassy fibrous membrane was used as a separator. Additionally, the
indole based macromolecule containing electrolyte was obtained through
electrochemical polymerization of dopamine solution followed by
reference [29]. 0.5 M sulfuric acid with 0.025 M dopamine
hydrochloride was transformed into a brown color solution through CV

tests at a scan rate of 1000 mV using carbon cloths as cathode and anode.

]
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The specific capacitances of the samples in the three-electrode (Cepree
F g) and two symmetric electrode systems (Cuo, F g1 were

calculated using the respective equations:

_IAt
three — mAV

L 2
two ™ mAV

where | is the galvanostatic discharge current, At is the discharging time,
m is the mass of the active materials on the single electrode, and AV is
the voltage window.

The energy density was calculated using the following equation:

_ CsymmetricAV2
Esymmetric - 2% 3.6

where Csymmetric 1S the specific capacitance of the two symmetric
electrode systems. The power density was calculated using the following

equation:

_ Esymmetric
Psymmetric - At

where At is the galvanostatic discharging time.
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3. Results and Discussion

3.1 Material analysis

The synthesis process of NPCN is shown in Figure 1a. The PCN
which was obtained by the pyrolysis of potassium citrate at 850 °C was
uniformly mixed with melamine. The obtained mixture was heated under
Ar atmosphere up to 700 °C for nitrogen doping. Melamine is known to
undergo rapid sublimation after 220 °C and this may cause a decrease in
efficiency of nitrogen doping to PCN [32]. In order to minimize its
sublimation, condensation of melamine is induced during heat treatment
of the mixture through the appropriate dwell time near the temperature
at which the melamine condensation occurs (Figure 1b,¢) [33-36]. The
mixture has passed by 1h at 300 °C, and 550 °C, respectively for the

sequential condensation.
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Figure 1. a) Synthesis process of NPCN. b) Heat treatment with the

dwell time for condensation of melamine. ¢) Condensation process from

melamine to melem.
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To compare the extent of melamine condensation with respect to the
implementation of dwell time during heat treatment, the samples were
prepared via the two types of heat treatment (up to 580 °C) and denoted
as NPCN-14D@580 for heat-treated with dwell time, and NPCN-
14@580 for heat-treated without dwell time, respectively. The dwell
effects in melamine were investigated by FT-IR in Figure 2. In the
wavelength range of the N-H bond stretching at ~3100 cm™!, the
spectrum of NPCN-14D@580 exhibited a weaker peak than that of
NPCN-14@580 [37]. Given that condensation of melamine releases
ammonia gas, the reduced peak of NPCN-14D@580 may be attributed
to a relatively condensed bonding structure. The peak at ~2350 cm ™! for
C=N stretching mode which is found in melem that is more condensed
structure than melem or melamine appeared only in the spectrum of
NPCN-14D, which suggested NPCN-14D@580D has more condensed

than NPCN-14@580 [37, 38].
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The FE-SEM images of the as-prepared carbons are shown in Figures
3. The morphologies of all melamine-treated PCN are almost the same
as those of bare PCN, which are composed of interconnected carbon
nanosheets with dimensions of several micrometers. Although statistical
analysis of the morphologies is required to evaluate the differences with
more accuracy, this SEM images demonstrate that the post-heat
treatment hardly changed the surface morphologies regardless of the

method or initial ratio of carbon to melamine.
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Figure 3. SEM images of the prepared samples of a, b) PCN, c, d)
NPCN-11D, e, f) NPCN-14D g, h) NPCN-14 with low and relatively

high-magnification.
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TEM image of NPCN-14D in Figure 4a shows that the carbon
nanosheet had randomly distributed micropores, which is consistent with
previously published results [12]. The elemental distribution throughout
the nanosheet-interconnected architecture of NPCN-14D was examined
using X-ray elemental mapping, which indicated that C, O, and N were

uniformly distributed on the surface of the carbon in Figure 4b.
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Figure 4. a) HR-TEM image and b) EDS mapping of NPCN-14D.
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Nitrogen adsorption isotherms were conducted to further investigate
the structural changes after nitrogen doping. As shown in Figure Sa, the
nitrogen adsorption isotherms of NPCN-14D and PCN were typical type
1 isotherms, meaning that the structure was mainly composed of
micropores. NPCN-14D had a specific surface area (SSA) of 1041.4 m?
g ! and a total pore volume of 0.6321 cm® g !. The structural parameters
of NPCN-14D were slightly lower than those of PCN (SSA of 1247 m?
g !, a total pore volume of 7036 cm® g!), which could be explained by
the deposition of melamine condensate at the pore entrance during the
annealing process [39, 40]. The pore-size distribution demonstrated that
NPCN-14D had larger micropores than PCN (Figure Sb). This result
could be supported by the fact that melamine-assisted nitrogen-doping
could decrease micropores that were smaller than 5 A and increase the
larger micropore area [39]. Although the pore volume and SSA decreased
slightly, NPCN-14D retained an efficient pore structure, considering that
the micropore volume was still high and most of the reduced pore volume
resulted from a reduction in very small micropores that were not

accessible to electrolytes ions at high current density (Table 1).
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Table 1. Structural properties of PCN and NPCN-14D obtained from

nitrogen adsorption/desorption analysis.

Specific Mean Pore volume
Sample  surface  diameter [cm3-g?]
name area of pores
o ) Meso- and
[m*g™] [nm] Micropores Total
macropores
PCN 1247.3 2.2563 0.449 0.2546 0.7036
NPCN-
14D 10414 2.4279 0.3662 0.2659 0.6321

3 O *--_i &



Furthermore, Raman spectroscopy was performed to analyze the
morphological changes in more detail (Figure 6). In the Raman spectra,
all the samples presented two broad peaks at ~1350 cm ! and 1580 cm ™!,
which are typical of carbonaceous materials [41]. The peak at 1350 cm™!
(D-band) was related to structural defects, while the peak at 1580 cm™!
(G-band) was ascribed to the sp? carbon atoms arising from the in-plane
vibration in graphitic planes [42]. The ratio of intensities of the two peaks,
In/Ig, which indicates the degree of disorder, decreased in the order of
PCN (0.97), NPCN-14 (1.01), NPCN-11D (1.00), and NPCN-14D (1.04),
respectively. This result can be inferred that N-doping could cause
structural disorder to the carbon network, suggesting that the doped-

nitrogen ratio would be related to the In/Ig [27, 42].
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Moreover, XPS was conducted to investigate the surface chemistry of
PCN and NPCN; the results are summarized in Figure 7 and Table 1.
The XPS survey spectrum revealed the presence of nitrogen in the
NPCNs. As shown in Table 1, the nitrogen content of NPCN-14D (3
wt%) was higher than that of NPCN-11D (1.5 wt%) due to differences
in the content of melamine in the initial mixture. Notably, the content of
nitrogen in NPCN-14D was higher than that of NPCN-14 (1.4 wt%) with
the same amount of melamine in the initial mixture, which can be
interpreted as the result of the heat treatment containing dwell time
increasing the efficiency of nitrogen doping. The nitrogen contents of
NPCN-14N obtained by XPS measurement are almost similar to that of
the EA measurement, indicating that NPCN-14N has an even nitrogen
distribution. The high-resolution N1s XPS spectrum of NPCN-14D
(Figure 7b) contained peaks at approximately 398 eV, 400 eV, 401.5 eV,
and 405 eV, which corresponded to pyridinic (N-6), pyrrolic (N-5),
quaternary (N-Q), and oxidized (N-X) forms, respectively [18]. Figure
7¢ shows the comparison of the nitrogen configurations of the samples.
NPCN-14D had more N-Q than NPCN-11D and NPCN-14. In a previous
study, researchers assumed that the higher contribution of N-Q on porous

carbons treated with melamine was due to the chemical formula of
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melamine and its condensed resin [39]. Considering this interpretation,
this difference in the configuration of nitrogen may be related to the
difference in the extent of condensation before the decomposition of
melamine condensate in each sample. In the heat-treatment process for
NPCN-14D, melamine was more condensed before decomposition
owing to the dwell time compared to the process of NPCN-14. And that
would be more condensed than in the process of NPCN-11D because of
the higher amount of melamine in the initial mixture. The more
polymerized the melamine, the greater the proportion of N-Q it contains.
As a result, for NPCN-14D, melamine had more N-Q just before
decomposition, which resulted in differences in the ratio of nitrogen
configurations even after doping. The detailed mechanism of more N-Q
in nitrogen-doping sources just before decomposition needs to be further

investigated.
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Table 2. Chemical compositions of PCN and NPCNs obtained from

XPS and EA.

Atomic (%0)

Sample code

C N o) H

PCN 95.3 0 4.7 -

NPCN-11D 94.5 15 4.0 -

NPCN-14D 92.3 3.0 4.7 -

NPCN-14 95.9 1.4 2.7 -
NPCN-14D(EA) 91.9 3.0 4.6 0.48
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3.2. Electrochemical analysis

Electrochemical experiments were conducted to investigate the
capacitive performance of the NPCN in a three-electrode system. The
electrochemical performance of the samples synthesized with different
amounts of melamine in the initial mixture was evaluated, as shown in
Figure 8a and b. Figure 8a shows the CV curves of the samples at a scan
rate of 50 mV s~!. The area of the CV curve increased in the order of
NPCN-14D, NPCN-11D, and PCN, respectively. Given that the surface
area and pore volume of the NPCN samples were slightly lower than
those of PCN, the increased area of the CV curve could be attributed to
the faradic current derived from the nitrogen-containing functional
groups in the NPCN samples. This is supported by that NPCN-14D,
which had a higher nitrogen content, showed a wider CV area than
NPCN-11D. To compare the rate capability, the specific capacitances of
the samples at different current densities were calculated based on the
discharging time (Figure 8b). NPCN-14D has achieved the highest a
specific capacitance of 350 F g'! at a current density of 1 A g, which
were higher than that of NPCN-11D (323 F g') and PCN (279 F g).
NPCN-14D retained a capacitance of 260 F g ! at a high current density

of 10 A g'!, with a rate performance of 74 %, which was higher than
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those of NPCN-11D (212 F g!, 70 %) and PC (181 F g'!, 65 %). Figure
8c shows the CV curves of NPCN-14D within the voltage range from
—1.0 to 0 Vugneo at different scan rates within 10 — 1000 mV s™!. The
CV curve at a scan rate of 10 mV s exhibited a slightly deformed
rectangle with a hump at a lower potential, indicating the faradic current
that derived from N- and O-containing functional groups in NPCN-14D,
which is consistent with the XPS and EA results. The CV curves at higher
scan rates demonstrated a rectangular shape, which indicated that NPCN-
14D had a high rate capability. The GCD curves at various current
densities exhibited a similar trend to that of the CV curves (Figure 8d).
Even at high current densities, there was no IR drop, which is related to
internal resistance; this suggested that NPCN-14D had excellent

capacitive properties.

b Fa _17
38 ":l"*-"i -';"-1 L}



—
=]
—

N
o

Current Density (A g'1)

~
—

150

Current Density (A g™')

-
(=]
L

- -
o o o o
e © o © ©
P T

-150+4
-2004

——NPCN-11D
— PCN
410 08 -06 04 02 00
Potential (V vs Hg/HgO)
—10mVs' —200 mV s”
50 mv s’ 500 mV s
—100 mv s™
40 08 -06 -04 -02 00

Potential (V vs Hg/HgO)

Specific Capacitance (F g'1) 9

o
—

Potential (V vs Hg/HgO) —~

S

- h w
o [=} =]
(=] =] o

(=]

e
o

-0.2 4

-0.44

-0.6 4

-0.8

-1.04

Current Density (A g"}

‘“L-..n_ _-__-_-_-___-_-_-___-
‘—-—-——__,______‘
—+—NPCN-14D
—=—NPCN-11D

—a—PC
5 10 15 20

—1Ag

|

—2ag"
——3Ag"
——5A g’
—10Ag"
20A g

-1

0 100 200 300 400 500 600
Time (s)

700

Figure 8. Electrochemical performances of PNC and NPCNs in the

three-electrode system with 6M KOH electrolyte. a) CV curves at a scan

rate of 50 mV s’!, b) Specific capacitances at various current densities

from 1 to 20 A g of PCN, NPCN-11D, and NPCN-14D. ¢) CV curves

at various scan rates from 10 to 500 mV s™', d) GCD curves at various

current densities from 1 to 20 A g”! of NPCN-14D.

39



To maximize the capacitive performance of NPCN-14D in practical
cell applications, a symmetric supercapacitor using NPCN-14D as
electrode material in a redox-mediated electrolyte was assembled. The
indole-based macromolecule containing 5,6-dihydroxyindole/5,6-
quinoneindole motifs for the redox additives in an aqueous electrolyte
(IME) was synthesized through CV scanning at the rate of 1000 mV s .
The color of the dopamine solution transformed from transparent into
brown after 24h. The change of the molecular size could be confirmed
by DLS measurement (Figure 9). The size of the molecules was
measured 100-250 nm after the electrochemical polymerization, which

consistent with the previously reported results [29].
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The assembled symmetric supercapacitors were evaluated via several
electrochemical tests. Figure 10a shows the CV curve of the fabricated
cell at various scan rates ranging from 25 mV s~ to 1000 mV s with a
potential window of 0 — 1.2 V. The curves at a relatively low scan rate
displayed anodic and cathodic humps that were attributed to redox
reactions. Notably, the rectangular shape was retained even at the high
scan rate of 1000 mV s, which indicated that the cell had a good rate
performance. The GCD curves at different current densities had a
deformed triangular shape, which was related to the redox reaction and
corroborated the CV results (Figure 10b). Figure 10c shows the rate
performance of the fabricated cell in IME and 0.5M H2SOas. The
electrode exhibited a capacitance of 468 F g ! at a current density of 1 A
g !. This value was relatively high compared to that in 0.5M H2SO4 (266
F g!), which appears to be due to the redox reaction of the additive in
the electrolyte. Interestingly, the electrode retained a capacitance of 233
F g ! at a relatively high current density of 20 A g indicating that the
macromolecules in the electrolyte caused a redox reaction even at very
high current densities due to the small HLG. Figure 10d exhibits the
Nyquist plot obtained via EIS in the assembled cell. In the Nyquist plot,

the intersection between a high frequency line and Z' axis is related to

2
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electrolyte resistance and the size of the semicircle in the middle-
frequency area indicates the charge-transfer resistance of the cell. It can
be seen that both of the electrolyte resistance and the charge-transfer
resistance of the cell with IME is lower than these with 0.5 M H2SO4,
which could be explained by the low HLG of IME. The polymerization
of dopamine resulted in lower HLG of the molecules and the decreased
HLG facilitated the electron transfer to acceptor, which increased ionic

conductivity and allowed fast electron transfer within the molecules.
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To confirm the stability of the assembled cell, a cycle test was
conducted at a current density of 20 A g ! (Figure 11a). The assembled
cells maintained ~80 % of their initial capacity after 3,000 cycles,
indicating that the cells and redox electrolytes remained stable after
repeated reactions at relatively high current densities. Figure 11b shows
the energy-storage capacity and power performance of the cells in terms
of energy and power densities. The assembled cell was able to store the
energy density of 1087 mWh kg ! at a power density of 13.94 mW kg

and 371 Wh kg ™! at the high power density of 1395 W kg !
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4. Conclusions

In summary, N-doped interconnected porous carbon nanosheets
derived from potassium citrate was prepared using post-heat-treatment
with melamine. To induce melamine condensation during heat-treatment
in the synthesis of NPCN, dwell time was set at the temperature of the
condensation. The condensation of melamine was confirmed via FT-IR.
As aresult, the nitrogen-doping rate of the carbon synthesized with dwell
time was around two time compared with that of the carbon without
dwell time. The synthesized N-doped carbon showed an SSA of 1041.4
m? g ! and a total pore volume of 0.63 cm® g! while maintaining the
interconnected nanosheets structure. The NPCN-14D showed a specific
capacitance of 350 F g ! at a current density of 1 A g! in the three-
electrode system. Moreover, the NPCN-14D was used as a symmetric
supercapacitor paired with an indole-based macromolecule electrolyte,
and it showed a specific capacitance of 468 F g'! at a current density of
1 A ¢! and retain a specific capacitance of 233 F g'! at a relatively high

current density of 20 A g
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